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block on the thermo- and pH-responsive behavior of poly(N-isopropyl acrylamide)-
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studied. The block copolymers were synthesized using reversible addition-
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corresponding molar masses from the GPC data. Thermo- and pH-responsive behavior
of block copolymers was investigated in phosphate buffer with various pHs. Interesting
results showed that the hydrophilic carboxyl end group and the hydrophobic dodecyl
end group of the RAFT agent affected the resulting phase transition temperature (T.),
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while the T. was found to be low in the acidic environment. Moreover, larger particle
sizes of PNIPAM,;-b-PDMAEMA; were found with a pH of 9. It is noteworthy, that the
resulted block copolymers might have the potential use in a drug delivery system.
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= INTRODUCTION with a T. of 32 °C [7].

. . In addition to temperature, another external
Stimulus-responsive  polymers can undergo

reversible changes in properties in the solution when stimulus that is widely used in the field of responsive

external stimuli are applied, such as pH, temperature, and b oiymers I.S pH. "lfhere are. LWO Z_pes of pH—reslpon.s(live
chemical and biological agents. The combination of two polymers, i.e., polymers with acidic groups (poly acids)

or more different monomers that have a different response and basic groups (poly bases) [1]. Deprotonation of

: : : : acidic groups within the chain of poly acids results in a
to a stimulus can result in multi-responsive copolymers
[1]. In particular, temperature and pH are interesting

stimuli that can be explored, including their applications

negative charge at high pH and causes the polymer to
become more hydrophilic. Conversely, the basic group
[2-6] due to their availability in the environment. in pobfbasi.c is protonate.d at lo.w pH and increases its
solubility in water media as in the case of poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) [7].

Research concerning thermo- and/ or pH-

Two types of thermo-responsive behavior for
polymers are lower critical solution temperature (LCST)
and upper critical solution temperature (UCST). In
LCST-type polymers, the polymers are soluble at the
temperature range below their phase transition

responsive block copolymers has been widely developed
recently [8-9], especially in drug delivery systems due to

temperature (T, otherwise, a soluble-to-insoluble the reversible solubility of thermo-responsive blocks
happens while heating. Vice-versa, UCST-type polymers [10] and reversible ionization of pH-responsive blocks
are soluble above T.. An example of a widely used LCST- [11]. The idea is to use both properties to promote self-
type polymer is poly(N-isopropyl acrylamide) (PNIPAM) assembly and form micelles because of the changes in
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in which the
hydrophobic drugs can be loaded in the core of the micelles

hydrophobic-hydrophilic properties,

and then released when the micelles deform to unimers.

Thermo- and pH-responsive block copolymers can
be synthesized using one block that has thermo-
responsive behavior, and the other block that consists of a
pH-responsive polymer [1]. One possible way to
synthesize such block copolymers is by using controlled
radical polymerization, namely reversible addition-
fragmentation chain transfer (RAFT). Several studies on
the use of RAFT to synthesize multi-responsive block
copolymers have been reported, not only for diblock [12]
but also for triblock copolymers [13-15].

Herein we report our studies about the synthesis of
block copolymers of PNIPAM-b-PDMAEMA via RAFT
by varying the chain length of the second block of
PDMAEMA and investigating their thermo- and pH-
responsive behavior. 2-(Dodecylthiocarbonothioylthio)-
2-methyl propionic acid (DDMAT) was used as a chain
transfer agent, which hypothetically might also influence
the pH-responsive behavior of the resulted block
copolymers due to the presence of carboxyl groups [16-
17]. The copolymers were constructed by forming
PNIPAM as the macro-CTA first and followed by the
addition of DMAEMA as the second block. To our
knowledge, the thermo- and pH-responsive behavior of
PNIPAM-b-PDMAEMA has not been studied yet.

m EXPERIMENTAL SECTION
Materials

The materials used in this study were N-
isopropylacrylamide (NIPAM, 97% purity, Sigma-Aldrich),
2-(dimethylamino)ethyl methacrylate (DMAEMA, 98%
purity, Sigma-Aldrich), 2-(dodecylthiocarbonothioylthio)
-2-methylpropionic acid (DDMAT, 98% purity, Sigma-
Aldrich). 1,4-dioxane was obtained from Smart-Lab. 2,2'-
azobisisobutyronitrile (AIBN, 98% purity, Clariant),
potassium dihydrogen phosphate (KH,PO., 99% purity,
Merck) and dipotassium hydrogen phosphate (K,;HPO,,
99% purity, Merck). Sodium hydroxide (NaOH) and
phosphoric acid (H;PO,) were obtained from Rofa
Laboratorium Centre.
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Instrumentation

The instrumentations used in this study were
Fourier transform infrared (Shimadzu-IR Prestige 21)
and proton magnetic resonance (Bruker Advance
500 MHz) to characterize the chemical structure of the
block copolymers. Gel permeation chromatography
(Shimadzu LC-20 equipped with column LF 804) was
used for molecular weight determination of the block
copolymers. Thermo- and pH-responsive behavior was
investigated using UV-Visible spectrophotometer
(Thermo Multiscan Go  UV-Visible
spectrophotometer) and particle size analyzer (Horiba
SZ 100z Nano Particle Size Analyzer).

Scientific

Procedure

Synthesis of PNIPAM macro-CTA

NIPAM monomer (2.8326g, 25mmol) and
DDMAT (0.2572 g, 0.7 mmol) were dissolved in 5 mL
1,4-dioxane and put into a Schlenk flask equipped with
a magnetic bar. The solution was degassed with nitrogen
under stirring for 15 min, and the flask was placed in a
preheated oil bath at 70 °C. After that, AIBN (0.02 g,
0.12 mmol), which was pre-dissolved in 2.5mL 1,4-
dioxane, was rapidly transferred into the Schlenk flask.
Polymerization was carried out for 6 h at 70 °C under
stirring. The polymerization reaction was quenched by
placing the flask in an ice bath and exposing the solution
to air. PNIPAM was isolated by three cycles of
precipitation-decantation in cold n-hexane and then
dried in an oven at 60 °C overnight to obtain yellow
powder (2.1746 g, 69.92% yield). The synthesis procedure
was adapted from the work of Giaouzi and Pispas [12].

Synthesis of PNIPAM-b-PDMAEMA block copolymers
PNIPAM was used as macro-CTA to produce
PNIPAM-b-PDMAEMA block copolymers with the
ratio that can be seen in Table 1. The synthesis procedure
are as follows: DMAEMA (0.5830 g, 3.7 mmol), PNIPAM
macro-CTA (0.4378 g, 0.16 mmol), and 5mL 14-
dioxane were added into a 25 mL Schlenk flask equipped
with a magnetic bar. Oxygen was removed from the
solution by bubbling with nitrogen for 15 min under
stirring, and then the flask was placed in a preheated oil
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Table 1. Recipe for the synthesis of PNIPAM-b-PDMAEMA
NIPAM DMAEMA DDMAT Macro-CTA AIBN
Product
(g) (g) (g) (g) (g)
PNIPAM Macro-CTA 2.8326 - 0.2572 - 0.02
PNIPAM,,-b-PDMAEMA, - 0.5830 - 0.4378 0.0045
PNIPAM,,-b-PDMAEMA, - 0.7751 - 0.6077 0.0030
Note: Reaction occurred for 6 h at 70 °C
oil bath at 70 °C. Then, AIBN (0.0045 g, 0.03 mmol) in copolymers. The PNIPAM-b-PDMAEMA  was

2.5mL 1,4-dioxane was added into a Schlenk flask.
Polymerization was carried out at 70 °C with continuous
stirring for 6 h and stopped by quenching it in an ice bath
and exposing it to air. The polymerization product was
obtained by three cycles of precipitation-decantation in
cold n-hexane and then dried in an oven at 60 °C
overnight. The synthesis method was adapted from the
work of Giaouzi and Pispas and Tebaldi et al. with
modifications [12,18].

m RESULTS AND DISCUSSION

Synthesis and Characterization of PNIPAM-b-
PDMAEMA Block Copolymers

PNIPAM,, was used as the macro-chain transfer
agent for the subsequent RAFT polymerization of
DMAEMA to obtain PNIPAM-b-PDMAEMA block
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synthesized by varying different chain lengths of
PDMAEMA, and each polymer was characterized by
FTIR, '"H-NMR, and GPC analysis. The synthetic route
followed is depicted in Scheme 1. Fig. 1 shows the FTIR
spectra of NIPAM, PNIPAM macro-CTA, and
PNIPAM-b-PDMAEMA  block By
comparing each of the spectra, some differences can be

copolymers.

noticed, which indicate that a new compound has been
formed. FTIR spectra of PNIPAM macro-CTA and
PNIPAM-b-PDMAEMA showed no C=C peak at 1600-
1650 cm™ [19], suggesting that polymerization has
occurred [20]. Meanwhile, in the FTIR spectra of
PNIPAM macro-CTA and PNIPAM-b-PDMAEMA,
there were peaks at 3076 and 3075 cm™, respectively,
which could be attributed to the stretching vibration of
C(sp®)-H group but the intensity of the peak was lower in
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Scheme 1. Synthetic route of PNIPAM-b-PDMAEMA block copolymers
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Fig 1. FTIR spectra of NIPAM, PNIPAM macro-CTA,
and PNIPAM-b-PDMAEMA

comparison with NIPAM, confirming that some
unreacted monomer still existed. Compared with the
FTIR spectrum of PNIPAM macro-CTA, a peak at
1728 cm™ appeared in the FTIR spectra of PNIPAM-b-
PDMAEMA after copolymerization, indicating the
presence of C=0O ester from the PDMAEMA block.
Characteristic peaks of PNIPAM in FTIR spectra of
PNIPAM-b-PDMAEMA can be observed, as evidenced
by the presence of the peak at 3288 cm™ that was ascribed

to N-H stretching vibration, while the peak at 1647 cm™
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was ascribed to C=0 amide I and the peak at 1544 cm™
was assigned to C=0 amide II. The absorption peak at
3436 cm™ was a stretching vibration of O-H in the
COOH end group.

'"H-NMR spectra of PNIPAM macro-CTA and
PNIPAM-b-PDMAEMA block copolymers in CDCl; are
shown in Fig. 2. Based on the resulting FTIR spectra,
there was a peak of C(sp?)-H group in the products,
which also occurred in the "H-NMR spectra. In this
study, one of the peaks of three protons from the vinyl
group of PNIPAM was detected at 5.5 ppm, confirming
that there were still some NIPAM monomer impurities
remaining in the product (Fig. 2(a)). Fig. 2(b) and 2(c)
show that peaks of DMAEMA monomer were still
detected, which were attributed to peak o, p, and q.
These results were similar to the results obtained by De
Jesus-Téllez et al. when characterizing the DMAEMA
monomer [21], suggesting that there was still unreacted
DMAEMA monomer in the copolymer product and the
purification process has not been optimal. This
happened most probably due to the non-polar
properties of n-hexane that makes the immersion of the
product in n-hexane needs to be longer before
decantation to allow the monomers to be more soluble
in n-hexane. Previous work from Goktas in 2020
reported similar results of the existence of the vinyl peak

35 30 25 20 15 10
Fig 2. 'H-NMR spectra of PNIPAM macro-CTA (a), PNIPAM,,-b-PDMAEMA, (b), and PNIPAM,,-b-PDMAEMA;
(¢) in CDCl;
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from the DMAEMA monomer when the purification was
performed using methanol as the precipitation medium
[22].

Based on Fig. 2(a), it is shown that PNIPAM macro-
CTA was successfully synthesized, indicated by the
presence of characteristic peaks a 1.12 ppm (-CH(CHa),,
6H) and b 3.98 ppm (-CH(CHs),, 1H) which were similar
to the previous study [23]. By calculating the ratio of the
integrated peak areas between peak b from PNIPAM and
peak i from the dodecyl end group, the repeating unit of
PNIPAM was found to be about 21 and the molecular
weight (M,) was at 2728 g/mol.

As displayed in Fig. 2(b) and 2(c), some new peaks
appeared in the 'H-NMR spectra of PNIPAM-b-
PDMAEMA in comparison with the "H-NMR spectrum
of PNIPAM macro-CTA. Characteristic peaks of
PDMAEMA were assigned to peak j, k, 1, and n.
Overlapping double peaks around 4 ppm were ascribed to
the proton of -CH(CHs), from the PNIPAM block (peak
b) and the proton of -CH,CH,N(CHj), from the
PDMAEMA block (peak 1). Peak f of the dodecyl end
group did not always appear in every '"H-NMR spectrum
of the PNIPAM-b-PDMAEMA block copolymers, as
reported in a previous study [24].
of PDMAEMA in the
copolymers was determined by comparing the integration

The repeating unit

of the protons j and a, which was found to be 2 with
molecular weight (M,) at 3043 g/mol (Fig. 2(b)).
Meanwhile, as seen in Fig. 2(c), the molecular weight (M,)
at 3829 g/mol and degree polymerization (DP) at 7 were
calculated from integral values of peak areas of the signals
kand a.

The molecular weight characterization was
performed by gel permeation chromatography (GPC)

using THF as eluent and polystyrene as the standard
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(Table 2). Analysis of PNIPAM macro-CTA using GPC
resulted in narrow molecular weight distribution with
tailing at the lower molecular weight side (Fig. 3). The
presence of the tailing was probably due to the presence
of residual impurities in the final product, such as chain
transfer agent (CTA) [25].

Different from PNIPAM macro-CTA, GPC traces
of block copolymers were relatively symmetric and
showed no tailing at the lower molecular side (Fig. 3).
Higher retention time was observed in the comparison
of PNIPAM,;-b-PDMAEMA, with PNIPAM,,-b-
PDMAEMA; suggesting that the resulting M, were
increased from 1860 to 1923 g/mol which was ascribed
to PNIPAM,;-b-PDMAEMA, and PNIPAM,;-b-
PDMAEMA;, respectively. Whereas the unexpected
increase in retention time of both block copolymers in
comparison with PNIPAM macro-CTA was observed,
indicating that the molecular weight (M,) decreases in

PNIPAM,,-b-PDMAEMA,

PNIPAM,,

AM,,-b-PDMAEMA,

Tailing

T T T T T T T T T T T
9 10 11
Retention time (min)

Fig 3. GPC traces of PNIPAM macro-CTA, PNIPAM,,-
b-PDMAEMA,, and PNIPAM,,-b-PDMAEMA,

Table 2. Molecular characterization of block copolymers and macro-CTA

No Sample M,* (g/mol) M.’ (g/mol) M,/M,¢
1 PNIPAM,,; 2728 3475 1.15
2 PNIPAM,;-b-PDMAEMA, 3043 1860 1.10
3 PNIPAM,;-b-PDMAEMA; 3829 1923 1.10

The degree of polymerization was estimated by 'H-NMR analysis. “ The molecular weight by 'H-NMR

analysis. * The molecular weight by GPC analysis. ¢ The Polydispersity index (PDI) or My/M, values

determined by GPC analysis
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contrast to the "H-NMR result (Table 2). In GPC analysis,
the sample must first dissolve in a solvent; once they have
their
conformation from long chains to coil conformation.

been dissolved, the molecules will change
These coiled-up polymers in the mobile phase would then
flow into the GPC column. If polymer coils are larger than
the pores, they do not enter the pores and need lower
retention time, but small polymer coils can enter the pores
and will take more time to pass the column. In other
when the
hydrodynamic radius of the polymer is larger [26]. In this
study, the interaction between PNIPAM and PDMAEMA

block in polar THF, such as hydrophobic interaction and

words, the retention time decreases

hydrogen bonding, might lead to reducing the size of
hydrodynamic diameter and an increase in retention
time. The previous study also reported unusual results on
the retention time of PNIPAM-b-PPEGA block
copolymer, which was higher than the initial PNIPAM
due to intense interaction between PNIPAM and PPEGA
via hydrogen bonding, indicating that the hydrodynamic
volume of the block copolymer was smaller than the
initial PNIPAM that could be attributed to higher
retention time [27].

We also tried to synthesize PNIPAM-b-PDMAEMA
block copolymers with a longer targeted PDMAEMA
chain than PNIPAM, but it did not succeed, which might
be due to the effect of the R group (C(CH;)COOH) from
CTA on the DMAEMA monomer which caused the
intermediate radical fragmentation to become a dormant
chain and Re took place slowly, where it was known that
Re plays a role in reinitiating the polymerization reaction
[28].

Thermo-Responsive Properties of PNIPAM-b-

PDMAEMA Block Copolymers

PNIPAM is a thermo-responsive polymer with
LCST-type behavior that undergoes a soluble-to-
insoluble phase change upon heating. The phase
transition temperature is the temperature at which the
phase transition of the polymer solution at a specific
concentration occurs from a soluble state to a collapsed
state to form aggregates accompanied by the appearance
of turbidity in the solution [29]. Meanwhile, LCST is the
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minimum temperature at the binodal where the phase
change occurs [30]. Above the LCST, there is a tendency
for the microphase separation rather than the macro phase
separation to produce nano aggregates from polymers.
Therefore, the phase transition temperature (T.) is
usually detected by an increase in the turbidity of the
polymer solution [16]. It is widely known that PNIPAM
has a T. of 32°C [7], independently of its molecular
weight and concentration. The phase transition
temperature of PNIPAM can be adjusted to a higher or
lower temperature, one of which is by the addition of
comonomers where water-soluble comonomers will
increase the T., while hydrophobic comonomers will
decrease T.. In addition, the presence of the end group
might also affect the shift in the T. value of PNIPAM. A
previous study reported that the end group derived from
azo initiators such as AIBN is known to have minimal
effect on T., whereas water-soluble end groups such as -
OH and -NH, tend to increase T. and the hydrophobic
end groups influence decreasing T. [30]. It was expected
that by adding comonomer of DMAEMA, T. of
PNIPAM-b-PDMAEMA would increase in comparison
with its macro-CTA, PNIPAM itself.

As shown in Fig. 4, PNIPAM,, does not show a
significant change in transmittance at a temperature
range of 15-45 °C and begins to experience a decrease in
transmittance when the temperature is above 45 °C. This

100 -
80
9
8 60 -
c
&
=
@ 40 -
(1]
S
- ]
—=— PNIPAM,,
201 —a— PNIPAM,,-b-PDMAEMA,
| —v— PNIPAM,,-b-PDMAEMA,
0 T T T T 1
10 20 30 40 50 60

Temperature (°C)

Fig 4. Thermo-responsive behavior of PNIPAM-b-
PDMAEMA in pH 7.4 at a concentration of 1 g/L
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behavior could be reasoned because at pH 7.4, the
thermo-responsive behavior of PNIPAM,, was influenced
by the hydrophilic end group -COOH, which was ionized
to -COO™ at alkaline pH, and thus the T. shifted to a
higher temperature of 52 °C. Below the T., the amide
group of PNIPAM can form hydrogen bonding with
water molecules in the solution and become transparent.
In the case of an increase in temperature above the T, the
hydrogen bonds are weakened so that the hydrophobic
interaction between the hydrophobic backbone and the
isopropyl group of PNIPAM becomes dominant, in which
the interactions lead to aggregation [31].

Furthermore, in block copolymers PNIPAM,;-b-
PDMAEMA, and PNIPAM,,-b-PDMAEMA, there was a
significant decrease of transmittance at temperatures
above 40 °C as displayed in Fig. 4, and the same values of
T. were obtained for each copolymer which was about
47°C. The T. of the PNIPAM-b-PDMAEMA block
copolymers shifted to a lower temperature in comparison
with the T. of the PNIPAM,; macro-CTA (52 °C). At first,
it was predicted that there would be an increase in
hydrophilicity of the block copolymers in the higher pH
since PDMAEMA is partially protonated on its tertiary
amino group at pH 7.4 and become positively charged.
However, an opposite trend of decreased T. was observed,

which might be due to the hydrophobic interaction from
the dodecyl end group from the chain transfer agent and
the carboxyl group in the protonated form .

As displayed in Scheme 2, above the T,
hydrophobic interaction becomes dominant, and the
solution appears cloudy, which shows that the block
copolymers exhibit LCST behavior. These might also
indicate the formation of a micelle with a PNIPAM
block and dodecyl end group occupying the core of the
micelle and a PDMAEMA block with a COOH end
group constituting the hydrophilic shell of the micelle.

pH-Responsive Properties of PNIPAM-b-PDMAEMA
Block Copolymers

Fig. 5 shows the pH-responsiveness of PNIPAM
macro-CTA and PNIPAM-b-PDMAEMA  block
copolymers in a phosphate buffer solution. In general,
PNIPAM is not a pH-responsive polymer, but based on
the observations using UV-Vis spectrophotometer in
phosphate buffer at pH 5, 7.4, and 9, it was observed that
there was a pH-responsive behavior from PNIPAM
macro-CTA, indicated by the difference in the resulting
T.. At pH 5, PNIPAM,, produces a T. of 27 °C, lower
than the T. of PNIPAM in general, which is 32 °C. This
is because of the dodecyl end group, which is closely
attached to the PNIPAM block. The dodecyl group is

55°C
pH 7.4

V)" = COOH end group JVV = PNIPAM - SV = PDMAEMA  \\)" = dodecyl end group

Scheme 2. Proposed illustration of self-assembly behavior of PNIPAM-b-PDMAEMA
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Fig 5. Effect of pH on the resulting T. of 1 g/L PNIPAM-
b-PDMAEMA and PNIPAM macro-CTA

known to be hydrophobic, which will increase the
hydrophobic effect of the PNIPAM macro-CTA, resulting
in a cloud point that can be achieved at a lower
temperature. A similar phenomenon also occurred in the
previous study [12].

Based on the graph in Fig. 5, it is shown that there
was a drastic increase in the T. of PNIPAM macro-CTA
reaching 52 °C at pH 7.4, which was due to the increase in
solubility of PNIPAM macro-CTA at pH 7.4, caused by
the presence of the -COOH group in the macro-CTA
PNIPAM. It was known that when -COOH was dissolved
in an alkaline solution, deprotonation of COOH into
COO™ occurred, and thus, the solubility of PNIPAM
macro-CTA increased. Meanwhile, increasing the pH to 9
showed that the T. of macro-CTA PNIPAM was not
observed at temperature measurement. This was probably
due to the increase in hydrophilicity that also increased
the T.. A similar result was observed in the research
conducted by FitzGerald et al. when observing surfactant
PNIPAM, which had the same dodecyl and carboxyl end
groups [17].

The effect of the PDMAEMA chain length on the
PNIPAM-b-PDMAEMA block copolymer on pH was
UV-Vis
PDMAEMA is a pH-responsive polymer of the polybasic

observed using a spectrophotometer.
type which will be protonated at low pH (pH < pKa 7.5)
[32]. Hence, the solubility of PDMAEMA in an acidic pH

buffer solution increase, causing the hydrophilic effect of
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PDMAEMA to be more dominant, accompanied by an
increase in T.. As shown in Fig. 5, at pH 5, PNIPAM,,-
b-PDMAEMA, and PNIPAM,,-b-PDMAEMA;,
obtained T. values of 30 and 42 °C, respectively, higher
values in comparison to macro-CTA PNIPAM,, (27 °C.
The increase in T. was due to the presence of
PDMAEMA, which was protonated at pH 5, which
attributed in affecting the changes in the hydrophilic-to-
hydrophobic properties of its neighboring block
PNIPAM due to weakening of the hydrophobic
aggregation force in PNIPAM [14]. Above the T
PNIPAM-b-PDMAEMA
nanostructures consisting of PNIPAM block and
dodecyl end group as micelle core and PDMAEMA
block with COOH end group as micelle shell (Scheme
2). Moreover, at pH 5, T. increased the degree of
polymerization of the PDMAEMA block due to the
greater effect of the hydrophilicity of protonated
PDMAEMA in the PNIPAM-b-PDMAEMA block
copolymers.

self-assembled into

When pH increased to 7.4, it was expected that
increasing pH would cause the T. of block copolymers to
be reduced because the degree of protonation in
PDMAEMA was much lower than that at pH 5. On the
contrary, the T. of PNIPAM,;-b-PDMAEMA, and
PNIPAM,,-b-PDMAEMA; at pH 7.4 were increased
from the previous pH, which could be reasoned by the
existence of deprotonated COOH groups into COO",
leading to increased solubility of block copolymers in
dispersing media and also increased T.. Other than that,
at pH 7.4, the T. of block copolymers was lower than the
T. of PNIPAM macro-CTA (52 °C), in which the T.
values were similar for both block copolymers at
approximately 47 °C (Fig. 5). The decrease in T. in
comparison with T. PNIPAM macro-CTA might be
contributed by the presence of PDMAEMA. At pH 7.4 it
was known that PDMAEMA was in the protonated state,
but the degree of protonation was lower than that at
acidic pH. This resulted in the possibility of hydrophobic
interactions between the PNIPAM block and the
PDMAEMA block when the temperature increased.

PDMAEMA was deprotonated at pH 9. The
resulting T. of both block copolymers had the same
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values with the values at pH 7.4; although the PDMAEMA
might not be in the protonated state, the significant effect
of deprotonated COOH still weakened the tendency of
neighboring PNIPAM block to collapse,
aggregates when temperature increased above the T..

forming

Moreover, the decrease in the T. of the block copolymers
in comparison with PNIPAM macro-CTA could be
caused by the presence of a neutral form of PDMAEMA.
This leads to PDMAEMA being dehydrated at a high
temperature and producing changes in hydrophilic-to-
hydrophobic properties. Notably, at pH 7.4 and pH 9, the
same T. values were produced for different chain lengths
of the PDMAEMA block, which was due to the strong
interaction between PNIPAM and PDMAEMA that
might eliminate the effect of PDMAEMA degree
polymerization on T. [13].

PSA analysis was conducted to get information
about the size distribution and Z-average diameter of the
aggregates. The trend of the Z-average diameter of the
PNIPAM,,;-b-PDMAEMA,; at pH 5 is shown in Fig. 6(a).
It was observed that the resulting Z-average diameter
exhibited a similar trend compared to transmittance from
UV-Vis spectroscopy. The result had shown that the size

of micelles became bigger when temperature increased, as
evidenced by the decrease in transmittance and an
increase in the Z-average diameter (Fig. 6(a)). As
displayed in Fig. 6(b), the particle diameter distribution
shifted towards a larger diameter side as increasing
100
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temperature. This might indicate that the block
copolymer experienced self-assembly behavior to form
micelles to minimize the contact from the hydrophobic
groups with water in its surrounding environment.
Increasing the temperature further may lead micelles to
form clusters, and thus, large particle sizes were
obtained.

It was also observed that there was a big difference
between the resulting Z-average diameter of PNIPAM,;-
b-PDMAEMA; at pH 5 and 9, in which the diameter of
the Z-average at pH 9 was 846 nm while at pH 5 it was
about 293 nm (Table 3). The possible reason was due to
the differences in the shape of the micelles formed. It was
known that at pH 5, the amine group in the PDMAEMA
block was protonated, resulting in the positive charge
that caused PDMAEMA to become more hydrophilic.
Therefore when temperature increased, PDMAEMA
tended to occupy the hydrophilic part as the shell of the
micelles. The presence of PDMAEMA, which were
positively charged on the shell of the micelles, caused an
electric repulsion phenomenon that caused the particle
to move apart from each other, and the micelles tended

Table3. Z-average diameter of PNIPAM,;-b-
PDMAEMA, at different pH
pH Z-average diameter at 45 °C
5 293 nm
9 846 nm
(b)
——25°C
—35°C
——45°C
S
;
8
=]
g
('S
0 200 400 600 800 1000 1200 1400

Diameter (nm)

Fig 6. Thermo-responsive behavior and changes in Z-average of PNIPAM,,-b-PDMAEMA,; at pH 5 (a). Distribution

of diameter of the PNIPAM,,-b-PDMAEMA,; at pH 5 (b)
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to be stabilized from forming larger aggregate clusters. On
the contrary, at pH 9 the PNIPAM block and PDMAEMA
block would transform from hydrophilic to more
hydrophobic when the temperature increased, and thus,
they would occupy the core of the micelles since the shell
of the micelles also preferred the hydrophobic interaction
(Scheme 2). This could make the micelles unstable and
form a cluster of micelles [33].

m CONCLUSION

Block PNIPAM-b-PDMAEMA
containing thermo- and pH-responsive properties have

copolymers

been synthesized via RAFT polymerization. FTIR and 'H-
NMR revealed the successful formation of PNIPAM-b-
PDMAEMA. GPC confirmed the successful synthesis of
block copolymers with well-controlled molecular weight
as evidenced by narrow symmetrical molecular weight
block
copolymers showed micellization properties which were

distribution with low polydispersity. The
assigned to thermo- and pH-responsive behavior by
exhibiting phase transition and increase of Z-average
diameter upon heating. At pHS5, the longer the
PDMAEMA chain would increase the T. of the PNIPAM-
b-PDMAEMA block copolymer, while at pH 7.4 and 9, T.
was not affected by the PDMAEMA chain length.
Moreover, the synthesized block copolymers are open for
new potential material in drug delivery systems.

m ACKNOWLEDGMENTS

The author would like to thank the Faculty of
Mathematics and Natural Sciences Universitas Indonesia
(FMIPA UlI), for the research funding of Hibah Riset
Penugasan FMIPA Ul with contract number:
023/UN2.F3.D/PPM.00.02/2022. The authors acknowledge
the NMR and DLS (particle size analyzer) facilities of the
Integrated Laboratory and Research Center (ILRC)
Universitas Indonesia. Noteworthy, the authors thank
Dody Andi Winarto, B.Eng., M.Eng. from Badan Riset
Inovasi Nasional (BRIN) for his support in facilitating the
Gel Permeation Chromatography analysis in BRIN.

m AUTHOR CONTRIBUTIONS

Noverra Mardhatillah Nizardo designed the
experiment, wrote, and revised the manuscript, Rida

Indones. J. Chem., 2023, 23 (2), 449 - 460

Hasna Fadhilah conducted the experiment and wrote
the manuscript, Ivandini Tribidasari Anggraningrum
wrote and revised the manuscript. All authors agreed to
the final version of this manuscript.

m REFERENCES

[1] Kocak, G., Tuncer, C., and Biitiin, V., 2017, pH-
Responsive polymers, Polym. Chem., 8 (1), 144-176.

[2] Madhusudana Rao, K., Mallikarjuna, B., Krishna
Rao, K.S.V,, Siraj, S., Chowdoji Rao, K., and Subha,
M.C.S., 2013, Novel thermo/pH sensitive nanogels
composed from poly(N-vinylcaprolactam) for
controlled release of an anticancer drug, Colloids
Surf., B, 102, 891-897.

[3] Suka, I.G., and Simanjuntak, W., 2011, Preparation
of temperature-responsive polymer by grafting of

(NIPAAM) onto solid
waste cassava, Indones. J. Chem., 11 (1), 9-15.

[4] Ningrum, E.O., Purwanto, A., Rosita, G.C., and
Bagus, A., 2020, The properties of thermosensitive

NIPAM-co-DMAAPS

polymer and the hydrogels: The effects of monomer

N-isopropylacrylamide

zwitterionic  sulfobetaine
concentration on the transition temperature and its
correlation with the adsorption behavior, Indones.
J. Chem., 20 (2), 324-335.

[5] TJha, A., Rama, A., Ladani, B., Verma, N., Kannan,
S., and Naha, A., 2021, Temperature and pH-
responsive nanogels as intelligent drug delivery
systems: A comprehensive review, J. Appl. Pharm.
Sci., 11 (12), 001-016.

[6] Nizardo, N.M., Alimin, D.F., and Lestari, M.L.A.D.,
2022, Synthesis and characterization of dual-
responsive poly(N-vinylcaprolactam-co-N-
methylolacrylamide) nanogels, Des. Monomers
Polym., 25 (1), 155-164.

[7] Ward, M.A, T.K, 2011,
Thermoresponsive  polymers for biomedical
applications, Polymers, 3 (3), 1215-1242.

[8] Goktas, M., and Deng, G., 2018, Synthesis of
poly(methyl

and Georgiou,

methacrylate)-b-poly(N-
isopropylacrylamide) block copolymer by redox
polymerization and atom transfer radical
polymerization, Indones. J. Chem., 18 (3), 537-543.

Noverra Mardhatillah Nizardo et al.



Indones. J. Chem., 2023, 23 (2), 449 - 460 459

[9] Nizardo, N.M., and Tania, T.P., 2021, The effect of
poly(N-hydroxymethyl acrylamide) chain length in
poly(N-vinyl pyrrolidone)-block-poly(N-
hydroxymethyl acrylamide) on its sensitivity to pH,
Rasayan J. Chem., 14 (4), 2671-2676.

[10] Kotsuchibashi, Y., Ebara, M., Aoyagi, T., and Narain,
R., 2016, Recent advances in dual temperature
responsive block copolymers and their potential as
biomedical applications, Polymers, 8 (11), 380.

[11] Reyes-Ortega, F., 2014, "pH-Responsive Polymers:
Properties, Synthesis and Applications" in Smart
Polymers and their Applications, Eds. Aguilar, M.R.,
and San Roman, J., Woodhead Publishing Limited,
Sawston, Cambridge, 45-92.

[12] Giaouzi, D., and Pispas, S., 2020, PNIPAM-b-
PDMAEA double stimuli responsive copolymers:
Effects of composition, end groups and chemical
modification on solution self-assembly, Eur. Polym.
J., 135, 109867.

[13] Li, Q., Gao, C,, Li, S., Huo, F., and Zhang, W., 2014,
Doubly thermo-responsive ABC triblock copolymer
nanoparticles prepared through dispersion RAFT
polymerization, Polym. Chem., 5 (8), 2961-2972.

[14] Huang, Y., Yong, P., Chen, Y., Gao, Y., Xu, W, Lv,
Y., Yang, L., Reis, R.L., Pirraco, R.P., and Chen, J.,
2017, Micellization and gelatinization in aqueous
media of pH- and thermo-responsive amphiphilic
ABC (PMMAs,-b-PDMAEMA 50-b-PNIPAMss)
triblock copolymer synthesized by consecutive RAFT
polymerization, RSC Adv., 7 (46), 28711-28722.

[15] Giaouzi, D., and Pispas, S., 2020, Effects of chemical
modifications on the thermoresponsive behavior of a
PDMAEA-b-PNIPAM-b-POEGA triblock
terpolymer, Polymers, 12 (6), 1382.

[16] Skvarla, J., Raya, RK., Uchman, M., Zednik, J.,
Prochazka, K., Garamus, V.M., Meristoudi, A., Pispas,
S., and Stépanek, M., 2017, Thermoresponsive

with

dodecyl and carboxyl terminal groups in aqueous

behavior of poly(N-isopropylacrylamide)s
solution: pH-dependent cloud point temperature,
Colloid. Polym. Sci., 295 (8), 1343-1349.

[17] FitzGerald, P.A., Gupta, S., Wood, K., Perrier, S., and
Warr, G.G., 2014, Temperature- and pH-responsive

micelles with poly(N-
isopropylacrylamide) headgroups, Langmuir, 30
(27), 7986-7992.

[18] Tebaldi, M.L., Leal, D.A., Montoro, S.R., and
Petzhold, C., 2014, Synthesis of stimuli-sensitive

copolymers by RAFT polymerization: Potential

collapsible

candidates as drug delivery systems, Mater. Res., 17
(Suppl. 1), 191-196

[19] Farooqi, Z.H., Butt, Z., Begum, R., Khan, S.R,,
Sharif, A., and Ahmed, E., 2015, Poly(N-
isopropylacrylamide-co-methacrylic acid) microgel
stabilized catalytic
reduction of nitrobenzene, Mater. Sci.-Pol., 33 (3),
627-634.

[20] Ili¢-Stojanovig, S., Nikoli¢, L., Nikoli¢, V., Petrovi,
S., Oro, V., Miti¢, Z., and Najman, S., 2021, Semi-
crystalline copolymer hydrogels as smart drug

copper nanoparticles for

carriers: In vitro thermo-responsive naproxen
release study, Pharmaceutics, 13 (2), 158.

[21] De Jesus-Téllez, M.A., Sanchez-Cerrillo, D.M.,
Quintana-Owen, P., Schubert, U.S., Contreras-
Lépez, D., and Guerrero-Sanchez, C., 2020, Kinetic
Investigations of quaternization reactions of
poly[2-(dimethylamino)ethyl methacrylate] with
diverse alkyl halides, Macromol. Chem. Phys., 221
(9), 1900543,

[22] Goktas, M., 2020, Synthesis and characterization of
temperature-responsive block copolymers using
macromonomeric initiator, Chem. Pap., 74 (7),
2297-2307.

[23] Song, T., Zhu, Y., Liang, S., Zou, G., and Zhang, Q.,
2018, Coordinate bond breaking induced by
collapse of poly(N-isopropyl acrylamide) as ligands
of a rare earth complex, Chin. J. Chem. Phys., 31 (5),
677-683.

[24] Kwon, Y., Choi, Y., Jang, ]., Yoon, S., and Choi, J.,
2020, Nir laser-responsive PNIPAM and gold
nanorod composites for the engineering of
thermally reactive drug delivery nanomedicine,
Pharmaceutics, 12 (3), 204.

[25] Chen, ], Liu, M., Gao, C,, L, S., Zhang, X., and Liu,
Z., 2013, Self-assembly behavior of pH- and
thermo-responsive ABCBA-type

hydrophilic

Noverra Mardhatillah Nizardo et al.



460 Indones. J. Chem., 2023, 23 (2), 449 - 460

pentablock copolymers synthesized by consecutive
RAFT polymerization, RSC Adv., 3 (35), 15085-15093.
[26] Philipps, K., Junkers, T., and Michels, ].J., 2021, The
block
chromatography: The intrinsic problem with using

copolymer shuffle in size exclusion
elugrams to determine chain extension success,
Polym. Chem., 12 (17), 2522-2531.

[27] St Thomas, C., Maldonado-Textle, H., Cabello-
Romero, ].N., Macossay, ], Zhang, X., Esturau-
Escofet, N., and Guerrero-Santos, R., 2014, New
dialkoxyamine-trithiocarbonate for the synthesis of
multiblock  copolymers through in tandem
RAFT/NMP, Polym. Chem., 5 (8), 3089-3097.

[28] Moad, G., Rizzardo, E., and Thang, S.H., 2008,
Radical
polymer synthesis, Polymer, 49 (5), 1079-1131.

[29] Zhang, Q., Weber, C., Schubert, U.S., and

Hoogenboom, R., 2017, Thermoresponsive polymers

addition-fragmentation  chemistry in

with lower critical solution temperature: From
fundamental aspects and measuring techniques to
Mater.

recommended turbidimetry conditions,

Horiz., 4 (2), 109-116.

[30] Pasparakis, G., and Tsitsilianis, C., 2020, LCST
polymers:  Thermoresponsive  nanostructured
assemblies towards bioapplications, Polymer, 211,
123146.

[31] Jain, K., Vedarajan, R., Watanabe, M., Ishikiriyama,
M., and Matsumi, N., 2015, Tunable LCST behavior
of  poly(N-isopropylacrylamide/ionic  liquid)
copolymers, Polym. Chem., 6 (38), 6819-6825.

[32] Samsonova, O., Pfeiffer, C., Hellmund, M., Merkel,
O.M,, and Kissel, T., 2011, Low molecular weight
pDMAEMA-block-pHEMA

synthesized via RAFT-polymerization: Potential

block-copolymers

non-viral gene delivery agents, Polymers, 3 (2), 693
718.

[33] Zhou, J., Wang, L., Zha, X., and Wang, H., 2020,
Synthesis of pH-responsive block copolymer
micelles via RAFT polymerization induced self-
assembly and its application in emulsifier-free
emulsion polymerization, Phosphorus, Sulfur
Silicon Relat. Elem., 195 (2), 131-141.

Noverra Mardhatillah Nizardo et al.



	■ INTRODUCTION
	■ EXPERIMENTAL SECTION
	Materials
	Instrumentation
	Procedure
	Synthesis of PNIPAM macro-CTA
	Synthesis of PNIPAM-b-PDMAEMA block copolymers


	■ RESULTS AND DISCUSSION
	Synthesis and Characterization of PNIPAM-bPDMAEMA Block Copolymers
	Thermo-Responsive Properties of PNIPAM-bPDMAEMA Block Copolymers
	pH-Responsive Properties of PNIPAM-b-PDMAEMABlock Copolymers

	■ CONCLUSION
	■ ACKNOWLEDGMENTS
	■ AUTHOR CONTRIBUTIONS
	■ REFERENCES

